Autophagy, an evolutionarily conserved lysosome-mediated degradation, promotes cell survival under starvation and is controlled by insulin/target of rapamycin (TOR) signaling. In Drosophila, nutrient depletion induces autophagy in the fat body. Interestingly, nutrient availability and insulin/TOR signaling also influence the size and structure of Drosophila ovaries, however, the role of nutrient signaling and autophagy during this process remains to be elucidated. Here, we show that starvation induces autophagy in germline cells (GCs) and in follicle cells (FCs) in Drosophila ovaries. This process is mediated by the ATG machinery and involves the upregulation of Atg genes. We further demonstrate that insulin/TOR signaling controls autophagy in FCs and GCs. The analysis of chimeric females reveals that autophagy in FCs, but not in GCs, is required for egg development. Strikingly, when animals lack Atg gene function in both cell types, ovaries develop normally, suggesting that the incompatibility between autophagy-competent GCs and autophagy-deficient FCs leads to defective egg development. As egg morphogenesis depends on a tightly linked signaling between FCs and GCs, we propose a model in which autophagy is required for the communication between these two cell types. Our data establish an important function for autophagy during oogenesis and contributes to the understanding of the role of autophagy in animal development. Cell Death and Differentiation (2011) 18, 915-924; doi:10.1038/cdd.2010.157; published online 10 December 2010
In Drosophila, IIS/TOR signaling regulates autophagy in the fat body, 3, 4 but it remains unclear whether autophagy is also important in other nutrient-responding organs. The Drosophila ovaries are of special interest, as starvation inhibits ovarian development 5 and mutations in IIS components lead to defects in oogenesis and female sterility. [6] [7] [8] [9] These findings raise the question whether IIS/TOR signaling controls autophagy during oogenesis.
Notably, starvation induces programmed cell death (PCD) during Drosophila oogenesis in the germarium, in nurse cells (NCs) and follicle cells (FCs), 5 and increases caspase activity during mid-oogenesis. 10 At later stages, NCs also undergo developmental PCD necessary to complete oogenesis. So far, primarily the implication of apoptosis has been investigated. Only recent reports show that autophagy occurs in the germarium, during mid-oogenesis and in dying NC. Interestingly, inhibition of Atg genes prevents DNA fragmentation, suggesting that autophagy and apoptotic cell death are connected. 11, 12 However, the regulatory mechanisms underlying these processes and the contribution of different ovarian cell types (GCs and FCs) are still unknown.
This motivated us to examine the crosstalk between autophagy and nutrient signaling during Drosophila oogenesis. We show that starvation induces autophagy in both GCs and FCs. Surprisingly, autophagy is specifically required in FCs, and oogenesis is unaffected when both GCs and FCs are autophagy deficient. This suggests that the incongruity between an autophagy-deficient soma and an autophagycompetent germline is responsible for the oogenesis defect. Consequently, we hypothesize that autophagy is required for proper communication between these two cell types.
Results
Starvation induces autophagy in Drosophila FCs and GCs. Nutrient deprivation affects Drosophila ovary size and egg production, and induces PCD in GCs and FCs. 5 Thus, we tested whether autophagy is induced by starvation during Drosophila oogenesis using lysotracker (LTR) . As reported previously, 11 we also detected high levels of LTR staining in dying egg chambers (Supplementary Figures 1F and F 0 ), whereas the staining of healthy eggs was generally more subtle, but concentrated to distinct punctae. Thus, we focused our analyses on healthy egg chambers.
To confirm these results, we established transgenic flies expressing fluorescently tagged dAtg5 and dAtg8a proteins (Supplementary Figure 2) . Starvation resulted in the formation of punctuate structures in GCs and FCs during mid-oogenesis in flies expressing UASp-GFP-dAtg8 (Figures 1d and d 0 ), and equivalent structures were observed in FCs of flies expressing the soma-specific UASt-RFP-Atg5 (Figures 1c and c  0 ) . Further, transmission electron microscopy (TEM) analyses revealed that lysosomes and autophagosomes are only occasionally found in FCs of fed flies (Figure 1h ), whereas starvation increased the abundance of lysosomes and double membrane-bound vesicles containing undigested cytoplasmic material, indicative of autophagosomes (Figures 1h 0 and h 00 , quantification 1i).
To confirm that these observations are truly autophagy dependent, we examined ovaries mutant for Atg7. Flies lacking Atg7 are viable, but unable to induce autophagy. 13 Starvation induced LTR staining in the ovaries of Atg7 heterozygous control flies, but not in Atg7 homozygous mutant flies (Figures 1e 0 , and e 000 ). We further used the FLP/FRT system to induce FC clones homozygous mutant for Atg1, a kinase essential for autophagy.
14 Although WT cells accumulated LTR-positive structures upon starvation, autophagy induction was impaired in neighboring clones lacking Atg1 (Figures 1f and f 0 , quantification 1g), demonstrating that ovarian autophagy requires functional ATG signaling.
Starvation induces dAtg8 conversion and Atg gene expression in Drosophila ovaries. To monitor changes in cleaved dAtg8-II as an indicator of autophagy induction, 15 we generated a Drosophila Atg8 antibody. An upregulation of dAtg8-II protein in the ovaries was already detectable 6 h after starvation, while the levels of dAtg8-I remained unchanged (Figures 2a and a  00 ). Both dAtg8-I and dAtg8-II were completely vanished in protein extracts from larvae expressing UAS-dAtg8-RNAi, confirming antibody specificity (Figure 2a 0 ). Consistently, the dAtg8 antibody detected punctuated structures in stage 8 FCs upon nutrient depletion (Figure 2a 000 ). Thus, starvation induces dAtg8 conversion and the accumulation of dAtg8-positive autophagosomes in Drosophila ovaries.
Several reports reveal that autophagy induction was accompanied by increased Atg gene expression, [16] [17] [18] thus, we investigated Atg gene expression in Drosophila ovaries by quantitative real-time PCR. All genes examined showed a slight, but significant upregulation upon starvation (Figure 2b ). These molecular readouts further confirm that starvation induces autophagy in Drosophila ovaries.
IIS/TOR controls ovarian autophagy. In Drosophila, autophagy is regulated by IIS/TOR signaling in the fat body 3, 4 and salivary glands. 19 Ovarian development is strongly affected by nutrient availability, 5 and mutants in IIS/TOR pathway components are sterile, [6] [7] [8] [9] suggesting that IIS/TOR signaling also regulates autophagy during oogenesis. Therefore, we investigated whether inhibition of TOR by rapamycin is able to mimic starvation-induced autophagy in the ovaries. Injection of RAD (a rapamycin derivative) into the female abdomen led to small ovaries lacking vitellogenic stages (Figure 3b ), whereas control injection did not affect ovarian development and egg production (Figure 3a) . RAD-treated females were fully viable, but produced 80 and 98% less offspring on day 1 and 2 after injection, respectively, compared with controls. LTR staining was dramatically increased in FCs and GCs of RAD-treated ovaries (Figures 3a 0 -b 00 ), which was comparable with starvation-induced autophagy (Figures 1a-b 0 , Supplementary Figure 1) , indicating that nutrient deprivation and TOR inhibition act on the same autophagic mechanism in Drosophila ovaries.
Alternatively, to test whether activation of IIS/TOR signaling was sufficient to suppress starvation-induced autophagy, we generated FC clones expressing Rheb, an upstream activator of TOR. 4, 8, 20 Notably, FCs overexpressing Rheb lacked LTR staining even under starvation (Figures 3c and c 0 , quantification 3d). Thus, IIS/TOR signaling controls starvationinduced autophagy in a cell-autonomous manner in the ovaries, and is sufficient to inhibit autophagy even under starvation.
Autophagy is required for FC development. As starvation triggers autophagy in FCs and GCs, the questions remain whether autophagy is essential for oogenesis, and whether autophagy is required in the FCs or GCs. To answer these issues, we created chimeric animals lacking Atg gene function in either the germline or the somatic FCs.
First, we generated germline chimeras by pole cell transplantations (PCT). 21 Chimeric ovaries composed from an Atg1 hemizygous germline and WT FCs were defective in autophagy, as starvation did not induce LTR staining in the mutant GCs, but in the enveloping WT FCs (Figures 4a 00 and a 000 ). This demonstrates that autophagy was induced in the chimeras, but only in WT tissue, and confirms the necessity of Atg1 for starvation-induced autophagy. In starved sibling control chimeras, in which the GCs inherited the chromosome balancers, LTR-positive structures emerged in WT FCs and GCs (Figures 4a and a  0 ) . Surprisingly, Atg1 germline chimeras developed functional ovaries, and their egg-laying behavior and hatching rates were indistinguishable from sibling control chimeras, albeit the offspring developed with a delay of 2 days (Figure 4c ). When the Atg1 germline chimeras were crossed with Atg1 heterozygous males, the resulting Atg1 homozygous mutant animals died in late larval 
, (f) hs flp/+; Atg1 D3D FRT80B/FRT80B-UbiGFP stages, similar to Atg1 homozygous mutants derived from heterozygous mothers. 14 To further verify that autophagy is redundant in GCs for proper oogenesis, we created germline mosaics for Atg13. Knockout of Atg1 or Atg13 results in a similar defect in autophagy. 22 Accordingly, Atg13 mutant GCs were defective in autophagy as monitored by the lack of LTR staining (Figures 4b 00 and b 000 ), however, the chimeras were fully fertile with normal egg-laying behavior and hatching rates ( Figure 4c ). Further, we did not detect any defects in egg chamber development or egg morphology in Atg1 or Atg13 germline chimeras. It was recently reported that Atg1 GLCs show a partial disruption of developmental NC death. 23 We occasionally observed persisting NC nuclei in stage-14 eggs; however, these events occurred with a low frequency in both the Atg1 germline chimeras as well as in control siblings (4 versus 1.3%, respectively). Atg13 germline mosaics did not show disruption of NC death, thus we conclude that developmental NC death is not affected in Atg germline chimeras. This indicates that autophagy in GCs is not required for egg development.
To analyze the function of autophagy in FCs, we created mosaics in which only the FCs were homozygous mutant for Atg1, whereas the GCs were heterozygous. First, we made use of flies carrying the Apc mutation that disrupts FC function, leading to flaccid eggs lacking dorsal appendages (DAs) and anterior chorion structures (see Materials and Methods). The removal of Apc by irradiating þ /Apc control larvae restored FC function, 24 resulting in females producing eggs with normal-looking DAs and embryonic cuticle (Figure 4d ), and larvae hatched and developed to adults. In contrast, females resulting from Atg1 D3D /Apc irradiated larvae containing Atg1 D3D /Atg1 D3D FC clones deposited nontypical Apc eggs that were non-flaccid, but contained short and rudimentary DAs. In these eggs, embryonic cuticle never appeared, and no larvae hatched (Figure 4d ), suggesting that Atg1 function is essential in FCs of Drosophila ovaries.
To confirm this, we created FC clones homozygous for Atg1 using the heatshock (hs)-flp/FRT system. Hs-induced mitotic recombination resulted in Atg1 homozygous mutant FC clones (identified by the lack of GFP) in 69% of the egg chambers with most of them being mosaic (Table 1, Figure 4e ). Flies containing Atg1 mutant FC clones laid very few eggs that resembled those generated by irradiation, lacking DAs and embryonic cuticle (Figure 4f) , and only 5% of the eggs hatched (Figure 4h ). Quantification revealed that 89% of the eggs laid by females containing Atg1 mutant FC clones exhibited DA defects; consequently, only 11% of the chimeric eggs hatched (Supplementary Figure 3) . Defective DA formation was only observed in 15% of the eggs containing control clones, and 58% of the control eggs hatched (Supplementary Figure 3) . Given that 15% of the control eggs showed egg defects, the frequency of the egg phenotype that is solely due to the Atg1 deletion (74%) is in accordance with the frequency of FC clones observed in the Atg1 chimeras (69%), suggesting that almost every egg chamber containing Atg1 mutant FC clones resulted in defective eggs. These data confirm the requirement of Atg1 gene function in the FCs for proper oogenesis.
However, Atg7 mutants, although clearly autophagydefective, did not exhibit a severe oogenesis phenotype. Eggs derived from Atg7 homozygous mutants showed a slight reduction in hatching rates compared with heterozygous controls (74 and 85%, respectively) with 18% of the eggs displaying eggshell defects, suggesting that Atg7 mutations have only minor effects on egg development. This may implicate that the defect in egg development caused by the lack of Atg1 is not due to autophagy, but an alternate function of Atg1. To verify that the observed phenotype is not restricted to Atg1, we created hs-induced FC clones mutant for Atg13. Clone induction was equally effective as for Atg1, with 84% of the egg chambers containing Atg13 homozygous mutant FC clones (Table 1) . However, the phenotype was somewhat weaker, as we detected fewer eggs with DA defects (42%, see Supplementary Figure 3 , Figure 4g ) and 34% of the eggs hatched ( Figure 4h, Supplementary Figure 3) . The weaker effect of the Atg13 deletion is consistent with the observation that the lethality associated with Atg13 is less severe than for Atg1, 22 and may be explained by differences in protein perdurance. Nevertheless, the similarity in phenotypes observed for Atg1 and Atg13 mutations confirm that autophagy in FCs is necessary for proper egg development.
Although this strongly suggests that the observed phenotype depends on autophagy, the question remains why Atg7 mutants do not show oogenesis defects, although autophagy is clearly disrupted in their FCs (Figures 1e-e  000 ) . Apparently, the two conditions, whole animal versus mosaic, must constitute distinctive situations in which the Atg deficiency is interpreted differently. Although both GCs and FCs are autophagy defective in Atg7 mutants, the chimeras lack Atg gene function only in the FCs. This led us to propose that inputs from the cellular environment may affect the outcome of the autophagic signal. Consequently, we created chimeras lacking Atg genes specifically in the ovaries (in both GCs and FCs) by larval ovary transplantation experiments. We used host larvae carrying the fs(1)K10 mutation leading to eggs containing a mass of chorionic material instead of two DAs present in WT eggs, 25, 26 therefore, the transplanted ovary can be distinguished from K10/K10 host ovaries by the appearance of DAs (Figures 4i and j) . Strikingly, although autophagy was clearly disrupted in Atg1 or Atg13 homozygous mutant ovaries as monitored by the lack of LTR staining in both GCs and FCs (Figures 4i 000 , i 0000 , j 000 and j 0000 ), the mutant ovaries developed normally and gave rise to offspring with hatching rates comparable with those of the germline chimeras (37 and 64%, respectively). The respective K10/K10 ovary from the same animal displayed normal LTR staining in both GCs and FCs, confirming that autophagy was induced in the chimeric animals, but only in the host tissues (Figures 4i 0 , i 00 , j 0 and j 00 ).
Further, we did not observe any defects in egg chamber development or DA formation in Atg1 or Atg13 mutant ovaries. This indicates that egg development is unaffected when both ovarian cell types are autophagy deficient, which is in accordance with Atg7 mutant flies not showing an oogenesis phenotype. This suggests that the oogenesis defect in the FC chimeras may be caused by an incompatibility between the mutant soma and a WT-like germline. As oogenesis requires a tight coordination of germline and soma, 27 it is tempting to speculate that signaling between these tissues is dysfunctional if FCs are autophagy defective.
Discussion
This work establishes the Drosophila ovaries as an attractive model system to study autophagy. Starvation induces autophagy in FCs and GCs of Drosophila ovaries under the control of IIS/TOR signaling. Notably, IIS/TOR signaling affects various processes during Drosophila oogenesis. For example, overexpression of activated protein kinase B (Akt) disrupts the deposition of the NC cytoplasm into the oocyte (NC dumping). 28 Furthermore, eliminating GCs modulates IIS, leading to prolonged lifespan and reproduction. 29, 30 IIS also mediates ovarian stem cell proliferation in response to nutrients. 5 Referring this to the mammalian system, the role of IIS during oogenesis is of special interest regarding one of the most common endocrine disorders, the polycystic ovary syndrome (PCOS). PCOS represents the most prevalent cause of anovulatory infertility characterized by large numbers of immature follicles. Remarkably, PCOS is often associated with type 2 diabetes and impaired IIS. 31 Interestingly, apoptosis regulators are upregulated in patients affected 22 ± 4 4 8 ± 13 69 ± 9 3 1 ± 9 7 ± 7 9 3 ± 7 236+157 (n ¼ 2) FRT80iso 13 ± 2 5 1 ± 8 6 4 ± 5 3 6 ± 9 1 3 ± 5
by PCOS, 32 suggesting a role for PCD in the onset of the disease. Thus, alterations in IIS could lead to a disregulation of ovarian autophagy, which might be implicated in the development of polycystic ovaries. Further investigations will reveal whether modulation of autophagy in Drosophila leads to PCOS-like phenotypes.
During Drosophila oogenesis, several cell death checkpoints have been reported. Despite the developmental PCD of NCs, starvation induces egg chamber degeneration within the germarium and during mid-oogenesis, suggesting that dying egg chambers respond to the environmental status that is monitored before investing energy into egg production. 5 Interestingly, NC death, normally initiated at stage 10, is observed already at stage 8 under starvation, suggesting that those cells respond to nutrient availability as well. 33, 34 Although these reports focused mainly on apoptotic cell death, the fact that PCD during mid-oogenesis strictly requires the caspase Dcp-1, which is nonessential for most other death pathways in the fly, suggests the existence of a nonredundant death mechanism during mid-oogenesis. 33 Here, we show that starvation induces autophagy in the germarium and GCs during mid-oogenesis. This is consistent with recent publications indicating that autophagy contributes to PCD in the ovary. 11, 12 Interestingly, this process is regulated by Dcp-1, 11 suggesting that apoptosis and autophagy coordinate the progress of oogenesis.
Surprisingly, we find that autophagy is not required for germline development. This is in accordance with Atg7 mutant flies being fertile. 13 However, other Atg mutant phenotypes in Drosophila suggest a role for autophagy during development. Flies mutant for Atg1 are pupal lethal, 4 and Atg1 germline clones (GLCs) achieved using the Ovo D technique show reduced DNA fragmentation and a partial disruption in NC death. 11, 12 In the present study, we generated germline chimeras using the PCT technique where, in contrast to the Ovo D system, a germline completely mutant for a certain gene is generated in a WT background. This technique excludes any perdurance and maternal contribution. Unlike the GLCs generated using Ovo D , the transplanted pole cells are hemizygous mutant for the gene of interest, which excludes second site lethal effects. Further, PCT results in true germline chimeras without affecting the somatic cells, while the generation of GLC in the Ovo D system also induces FC clones, which may interfere with the mutant phenotype. In germline chimeras generated by PCT, we do not observe any egg chamber defects and conclude that autophagy is not required in the germline. The discrepancy between our and the recently published data concerning reduced NC death could be explained by the different experimental setups and their limitations mentioned above.
However, as autophagy is induced upon starvation in GCs, the question remains whether oogenesis depends on autophagy in GCs when nutrients are limited. Further studies will reveal whether autophagy-deficient ovaries develop normally under such conditions. Moreover, we demonstrate that starvation induces autophagy in FCs, confirming that FCs are involved in controlling the nutritional status to ensure germline development. Further, autophagy in FCs is essential for proper oogenesis. Thus, what could be the function of FCs during egg development, and how could autophagy contribute to this process?
FCs have a fundamental role during oogenesis. The patterning of FCs into discrete subtypes is crucial for egg development, as specialized FC sub-populations guide various steps during oogenesis. Eggshell morphogenesis further depends on the migration of different FC subpopulations to form a columnar epithelium over the oocyte, the micropyle and the DAs. FCs also secrete the chorion, a multilayered structure surrounding the oocyte essential for embryonic survival. 27, 35 Interestingly, autophagy in FCs seems to be tightly associated with the spatial pattern of chorion synthesis, as autophagic death occurs at the anterior pole of the egg chamber where chorion formation is first completed. 36 Notably, autophagy deficiency only affects oogenesis in a cellular context where FCs are mutant for Atg genes and GCs are WT. On the basis of this incompatibility, we hypothesize that dysfunctional signaling between soma and germline may be responsible for the oogenesis phenotype. For example, a signal arising in the WT germline may not be processed correctly in the mutant FCs and thus disrupts egg development. Alternatively, autophagy-deficient FCs may be incapable of generating a signal required in the GCs or necessary for the differentiation of specific FC sub-populations. However, if both cell types are deficient in autophagy, the absence of such a signal prevents a false interpretation by the other cell type, and egg development occurs normally. This model may be applied to explain the lack of oogenesis defects in Atg7 mutant flies.
Thus, what are the signals during oogenesis that require autophagy? Egg development depends on signaling between GCs and FCs and between sub-populations of FCs. Three signaling pathways are involved in these processes: Notch, EGFR and Jak/STAT. 27 Notch is required for proliferation, differentiation and migration of FCs. 27 Interestingly, loss of the cysteine protease Atg4 modulates Notch signaling in Drosophila, 37 thus, it is tempting to speculate that impaired Atg signaling may lead to malfunction of the Notch receptor to affect cell fate determination during oogenesis. The identification of the signaling pathway affected by the loss of autophagy in the FCs will shed light on the yet unsolved issue on which pathways are controlled by autophagy during the development of higher organisms.
Although the lethality associated with many Atg mutations in Drosophila indicates a fundamental role for autophagy during development, the function of some Atg genes is dispensable for fly development. Thus, some Atg genes may function redundantly, or other mechanisms compensate for autophagy deficiencies during development. Alternatively, given that certain Atg mutations have cell-context specific effects, there could be factors that determine specificity. Our findings on the incompatibility between autophagy-deficient soma and autophagy-competent germline demonstrate that the generation of chimeras is crucial to elucidate the tissuespecific function of a gene in a context relevant to physiology and development.
Our data clearly indicate that autophagy is indispensable for oogenesis. The understanding of molecular events regulating PCD in the fly ovary is still incomplete, and the communication of death signals between FCs and GCs remains to be defined. The present study suggests that the nutrient response of FCs and GCs implies crosstalk between these two tissues. Further studies will aid to understand the fundamentals underlying this cell communication. Transmission EM. Ovaries were fixed for 4 h in 2% glutaraldehyde, 1% osmium tetroxide in 0.1 m cacodylate buffer, and postfixed for 4 h in 2% osmium tetroxide. After dehydration in an acetone series, ovaries were embedded in Spurr. Sections (50 nm) were stained with uranyl acetate and lead citrate on Formvar/ Carbon covered copper grids (Quantifoil, Jena, Germany) and viewed on a transmission EM (Morgani 268, FEI Europe, Eindhoven, Netherlands). Quantification of the autophagic area was performed on ovaries from two different flies for each condition. In total, 15-20 randomly chosen FCs were photographed at Â 4000 magnification, and autophagic structures and lysosomes were counted. Autophagic structures were scored according to their morphology, comprising all structures that contained recognizable cytosolic material.
Materials and Methods
Antibody generation, western blotting and immunofluorescence. Rabbits were immunized with the dAtg8 peptide: H 2 N-MKFQYKEEHAFEKRR-CONH 2 (Eurogentec, Seraing, Belgium). The serum was double affinity purified and specificity of the antibody was shown on WB ( Figure 2 ).
For WBs, twenty ovaries per time point or alternatively, five third instar larvae were extracted in lysis buffer (120 mM NaCl, 50 mM Tris-HCl, 20 mM NaF, 1 mM Benzamidine, 1 mM EDTA, 6 mM EGTA, 15 M NA 4 P2O 7 , 1% Nonidet P-40) containing protease inhibitors. Proteins were separated on a 12% SDS-PAGE gel and blotted onto Nitrocellulose (Hybond ECL, GE Healthcare, Uppsala, Sweden). Primary antibodies were applied overnight at 41C: anti-dAtg8 1 : 1000, anti-tubulin (T-9026, Sigma-Aldrich, Buchs, Switzerland) 1 : 10000 and secondary antibodies for 2 h at RT: anti-rabbit-HRP 1 : 10000 (Jackson ImmunoResearch Europe Ltd., Suffolk, UK), anti-mouse-HRP 1 : 10000 (Jackson ImmunoResearch Europe Ltd.). For quantification of WB signals, Image J software (National Institutes of Health, Bethesda, MD, USA) was used to calculate the grey values of Atg8-II bands in fed versus starved conditions. Grey values of ovaries from fed flies were set as one.
For immunofluorescence, ovaries were fixed for 20 min in 4% PFA in 1 : 1 PBS/ Heptan, dehydrated by methanol series and blocked with 2% normal donkey serum in PBS supplemented with 0.1% Triton X-100 and 1% DMSO. Primary antibody dilution was applied overnight at 41C (anti-dAtg8, 1 : 500), secondary antibody for 2 h at RT (anti-rabbit-TexasRed 1 : 200, Jackson ImmunoResearch Europe Ltd.).
RNA purification and quantitative real-time PCR. Total RNA from 40 ovaries per time point was extracted using the RNeasy mini kit (Qiagen, Hilden, Germany). 2 mg RNA was reverse transcribed using SuperScriptIII reverse transcriptase (Invitrogen, Basel, Switzerland), following the manufacturer's protocol. Runs were performed in duplicates for five different biological replicates with a Rotor-Gene 6000 cycler (Corbett, Qiagen, Hilden, Germany) and SYBR Green Master Mix (Roche, Basel, Switzerland) and melting curve analyses were performed. Data were analyzed using REST (relative expression software tool) and Microsoft Excel software. Relative expression ratios were normalized to rpl23 and actin5c, which showed no significant expression difference between fed and starved ovaries. mRNA levels of the respective genes of fed flies served as reference levels.
RAD treatment. RAD (Novartis, Basel, Switzerland) was dissolved in ethanol and diluted to 100 mM with Robb's minimal saline (2.6 mM NaCl, 2.0 mM KCl, 0.5 mM Glucose, 0.06 mM MgSO4. 7H2O, 0.06 mM MgCl2. 6H2O, 0.05 mM CaCl2, 0.1 mM Na2HPO4, 0.018 mM KH2PO4, pH 6.75) RAD solution (0.2 ml per fly) or control solution containing ethanol at the same dilution was injected into the ventral mid-lateral part of the abdomen and ovaries were analyzed after 24 h. For offspring analyses, females were transferred to fresh vials every day and the number of offspring counted.
Pole cell transplantation. Pole cells (embryonic germline precursor cells) from Atg1 or Atg13 hemizygous mutant donor embryos were transplanted into host embryos derived from females homozygous for Tm2 gs , a grandchildless (gs) type of mutation. 38 As there is no germline in the gs-derived embryos, ovaries of gs-females are rudimentary and contain only the mesodermal components. Donor embryos were generated by crossing Atg1 D3D /TM6B females with Df(3L)BSC613/TM3 males or Atg13 D74 /TM6B females with Atg13 D81 /TM3 males. Pole cells were collected from single blastoderm-stage donor embryos and transplanted into 2-3 host blastoderm stage embryos. 21 Eclosing females were mated with WT males to determine the genotype of the progeny before LTR analysis. Germline chimeras with Atg1 D3D /TM3, Df(3L)BSC613/TM6B or Atg13 D74 /TM3, Atg13 D81 /TM6B as well as TM3/TM6B germline cells served as internal controls. Three independent experiments with a total of 11 (Atg1) or 14 (Atg13) mutant germline chimeras and 16 (Atg1) or 23 (Atg13) control sibling females were performed.
X-ray irradiation. Atg1
D3D /Fs(3)Apc late third instar larvae were X-ray irradiated for the induction of mitotic recombination (10 Gy; 110 kV, 1 mm Al filter, 0.31 Gy/min). Apc disrupts the function of anterior FCs, leading to the degeneration of almost all the egg primordia, with few developing to flaccid eggs lacking DAs and anterior chorion structures. Apc does not affect the function of the GCs. Removal of Apc through mitotic recombination restores FC function and allows the development of offspring from the mosaic egg primordia. 24 Eclosing Atg1 D3D /Fs(3)Apc females were mated with WT males in single vials and egg production was analyzed every day for 12 days, a time period required to identify Z95% of the mosaics. As controls, þ /Fs(3)Apc larvae were irradiated and analyzed. 17 Atg1 D3D /Fs(3)Apc or 77 þ /Fs(3)Apc mosaics deposited at total of 44 or 253 non-Apc eggs, respectively, indicating that the two types of mosaics produced non-Apc eggs with a similar frequency.
FLP induced FC clones. The FLP/FRT recombination method was used to generate FC clones. FC clones overexpressing UAS-Rheb were achieved by heatshocking 4-day-old females for 20 min at 341C. FC clones mutant for Atg1 or Atg13 were generated by heatshocking flies of the genotypes FRT80-Atg1 D3D / FRT80-UbiGFP or FRT82-Atg13 D81 /FRT82-UbiGFP for 1 h at 371C during larval development on five consecutive days. Resulting adults were mated with WT males in single vials and egg production was monitored every day for 5 days for egg laying analysis. Laid eggs were photographed, counted and kept on 251C until hatching. Pupae and offspring were counted.
Larval ovary transplantation. For larval ovary transplantations, 25 one mutant ovary dissected from either Atg1 D3D homozygous or Atg13 D74 /Atg13 D81 larvae was transplanted into fs(1)K10 homozygous host larvae. Host females were mated with WT males in single vials for identification of the egg genotype and egg laying analysis. Host females with Atg mutant eggs were starved and stained with LTR.
